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A well-known feature in transport data of the topological Kondo insulator SmB6 is the sign
change in the Hall coefficient at 65 K. Carriers in SmB6 are known to be negative, but above 65
K, the Hall sign suggests that the carriers are positive. Here, we extend Hall measurements up to
400 K and observe that the Hall coefficient changes back to the correct (negative) sign at about
305 K. We interpret the anomalous sign of the Hall coefficient in the context of skew scattering
arising from the strong correlations between the f and d electrons. At energy scales where the gap
is closed, the number of d electrons in resonance with the f electrons at the Fermi energy varies.
When a large proportion of d and f electrons are in resonance, skew scattering is dominant, leading
to the observation of the positive sign, but when fewer are in resonance, conventional scattering
mechanisms dominate instead.
Samarium hexaboride (SmB6) is a long-studied com-
pound with a unique combination of characteristics, with
one of the earliest studies published 50 years ago in 1969.
[1] Past research led to the classification of SmB6 as
a rare-earth mixed valence compound [2–4] as well as
a Kondo insulator, [5, 6] where strong interactions be-
tween f and d electrons lead to the opening of a small
hybridization gap at the Fermi energy below about 100
K. In transport, the gap opening is observed as a resis-
tance rise below about 50 K, terminating in a conductive
plateau at about 4 K. [1, 7] Historical attempts made
to explain this behavior most commonly attributed it
to impurity conduction, [1, 8] but recent theoretical de-
velopments have classified SmB6 as the first correlated
topological insulator. [9–11] Transport experiments have
demonstrated that the plateau indeed arises from sur-
face conduction, [12–14] and much of the work on SmB6
in recent years has continued to investigate its surface
characteristics. [15–25]
However, the bulk of SmB6 is also interesting in light
of recent transport results that bypass the surface con-
duction and show that the bulk of SmB6 is truly insu-
lating and immune to disorder. [26] This property is
quite different from the standard topological insulators
like Bi2Se3, where the addition of impurities creates an
in-gap bulk state. In SmB6, in-gap bulk states are not
supported, [27] and the persistence of a clean gap in the
presence of impurities can be thought of in analogy to a
fully gapped BCS superconductor. [28, 29] In addition,
quantum oscillation results suggesting an unconventional
bulk Fermi surface in SmB6 indicate that the bulk prop-
erties require further investigation. [30, 31]
One notable feature of the bulk reported in the liter-
ature is the positive sign of the Hall coefficient from 65
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FIG. 1. Resistivity vs. temperature in an Al-flux-grown SmB6
sample. Note that below 4 K, surface conduction dominates,
so the plateau should not be interpreted as bulk resistivity.
K to room temperature. [7, 8, 32] The dominant car-
rier in SmB6 is known to be electrons based on ARPES
measurements, [21] so the Hall coefficient would be ex-
pected to be negative at all temperatures. However, at
high temperatures, the Hall coefficient is measured to be
positive and appears to suggest that conduction is dom-
inated by holes. This feature has been attributed to to
skew scattering arising from the strong correlations be-
tween f and d electrons in a magnetic field at tempera-
tures above where the hybridization gap opens. [33] In
regimes where skew scattering is very strong, it can be-
come dominant over conventional scattering mechanisms
like impurity or phonon scattering, sometimes causing an
inaccurate measurement of the Hall coefficient. In certain
cases, including SmB6, the Hall effect can no longer reli-
ably be used to indicate the sign of the carriers. In this
ar
X
iv
:1
90
7.
09
43
6v
1 
 [c
on
d-
ma
t.s
tr-
el]
  2
2 J
ul 
20
19
2FIG. 2. Hall coefficient vs. temperature in an Al-flux-grown
SmB6 sample.
work we investigate the effects of the strong f -d corre-
lations and skew scattering on transport, extending the
temperature range up to 400 K to further study the bulk
properties of SmB6.
The sample tested in this work was grown by the
aluminum flux method, and before measuring, it was
thinned to approximately 65 µm to ensure that no Al-
flux inclusions remained. Transport measurements were
performed on a standard Hall bar geometry which was
defined by depositing Ti/Au pads onto the sample. The
measurements were performed in a 14T Quantum Design
Physical Property Measurement System (PPMS).
The resistivity-temperature curve for our sample is
shown in Fig. 1. This sample demonstrates the well-
known resistance rise and plateau of SmB6, indicating
that it is a high quality sample. Fig. 2 shows the Hall
coefficient results at high temperatures. Our data re-
produces the reported sign change feature at about 65
K; below this temperature the Hall sign is negative, and
above this temperature the Hall sign is positive due to
strong skew scattering. In extending our measurements
above room temperature, we also observed a second sign
change, with the Hall coefficient again measured to be
negative above about 305 K.
Skew scattering and its relationship to the two mea-
sured sign changes in the Hall coefficient can be under-
stood using energy considerations for both the f and d
electrons. To illustrate this, a schematic of the unhy-
bridized band structure of SmB6 is shown in Fig. 3(a).
The f level that participates in hybridization has a weak
k dispersion as well as an intrinsic broadening, which are
shown in the thick gray line in the figure. The intrinsic
broadening is difficult to isolate due to the presence of
thermal effects, [21] and the k dispersion is also expected
to decrease with increasing temperature. Incorporating
the effects of both the dispersion and the broadening,
we define the overall width of the f level to be ∆Ef .
To understand skew scattering, this overall width can
FIG. 3. (a) Band diagram schematic of SmB6 at room tem-
perature. (b) Zoom of (a) with arrows indicating kBT at 200
K and at 400 K. (c) Band diagram of SmB6 at low temper-
atures where the gap is open. The three diagrams are not
drawn to scale, and only the f band that participates in hy-
bridization is shown.
be compared to the thermal energy kBT of the system,
because only the d electrons within kBT of the Fermi
energy participate in transport. Since the Fermi energy
is resonant with the f levels, when ∆Ef and kBT are
comparable, the d electrons that participate in transport
are also resonant, leading to strong skew scattering.
These energy considerations and the effects of reso-
nance are dependent on temperature. At the highest
temperatures, kBT  ∆Ef , meaning that few d elec-
trons are in resonance with the f level. Here, skew scat-
tering is negligible, and we observe the expected electron-
dominated Hall behavior characterized by conventional
scattering mechanisms like impurity or phonon scatter-
ing. This regime is illustrated in Fig. 3(b) with the arrow
on the left, which indicates kBT at 400 K. As the temper-
ature decreases, more d electrons become resonant with
the f level, as illustrated with the arrow on the right of
Fig. 3(b). When resonance increases, the skew scattering
effects also increase, eventually leading to the sign change
to positive Hall coefficient in SmB6. Skew scattering is at
its strongest when kBT ∼ ∆Ef . As the temperature is
lowered further, the gap begins to open at the Fermi level.
[16] When the gap is open, as shown in Fig. 3(c), there
are not enough electrons left at the Fermi level to partic-
ipate in resonance. Here, the skew scattering mechanism
is destroyed and the Hall coefficient is again measured
with the correct sign down to lowest temperatures.
Since the Hall coefficient is often used to extract carrier
density and mobility, the effects of skew scattering can
present problems in transport analysis. The carrier den-
sity extracted from the SmB6 Hall curve (n = 1/(eRH))
is inaccurate in both magnitude and sign between about
50 and 320 K, which then leads to an inaccurate determi-
nation of mobility (µ = 1/(neρ)) in this range as well. To
3FIG. 4. (a) Estimated carrier density after removing skew
scattering effects. (b) Mobility calculated by combining the
curve in (a) with the curve in Fig. 1.
rectify this, we combined transport and ARPES data to
estimate the Hall coefficient over the temperature range
shown in Fig. 2. In regions where the transport behav-
ior is activated (below about 50 K), we can fit the Hall
curve (ρ = ρ0e
kBT ). From the Fermi pockets measured in
ARPES, [21, 27] we calculate that the maximum carrier
density available in the Brillouin zone is 9.0×1021 cm−3.
This value corresponds to the Hall coefficient at infinite
temperature. These two segments can then be connected
by fitting a smooth curve, yielding an estimate of the true
carrier density without skew scattering, which is shown
in Fig. 4(a).
The carrier density can then be used to extract the mo-
bility, as shown in Fig. 4(b). The features at high tem-
perature in the mobility curve are quite different than
those that would be present using the standard analy-
sis methods. Most notably, a minimum in mobility of
3.7×10−1 cm2/V·s appears at about 100 K. Since the hy-
bridization gap begins to open just below 100 K, [16] it is
expected that the effects of skew scattering are strongest
near this minimum. By combining the minimum mobil-
ity with the effective mass and Fermi velocity extracted
from ARPES data, [21, 34] we obtain a scattering time
of 0.18 fs and a mean free path of 1.1 A˚. These results
also satisfy kF l < 1, confirming that the scattering near
the minimum in the mobility is very strong. At room
temperature, for comparison, the mobility is 4.2×10−1
cm2/V·s, which corresponds to a scattering time of 0.21
fs and a mean free path of 1.3 A˚. The increase in mobility
is due to the higher thermal energy of scatterers at room
temperature compared to 100 K, meaning that fewer d
electrons are resonant with Ef at the higher temperature.
In this work, we have shown that Hall coefficient data
demonstrates an incorrect positive sign from 65 K to 305
K. We attribute this feature to skew scattering, which is
the dominant scattering mechanism in this temperature
range. Skew scattering arises when a large fraction of the
mobile d electrons are in resonance with the f electrons at
the Fermi energy, so the effect is strongest at these inter-
mediate temperatures. At temperatures above 305 K, the
large thermal energy of the d electrons leads to little res-
onance with the f electrons, and the Hall coefficient sign
is measured correctly. At around 100 K, the hybridiza-
tion gap begins to open, destroying the skew scattering
effect as the temperature continues to decrease. Below
65 K, skew scattering is no longer dominant and the Hall
coefficient sign is again correct.
The effects of skew scattering lead to an incorrect de-
termination of the carrier density and mobility, so we
used parameters extracted from ARPES data to “patch”
together the region where skew scattering dominates. We
obtained an estimate for the carrier density without skew
scattering as well as the corresponding mobility. The mo-
bility results show a minimum around about 100 K, which
is where skew scattering is the strongest. This method al-
lows the correct transport carrier density and mobility to
be obtained for SmB6. Although this work is a study of
the SmB6 bulk, much of the modern work focuses on the
interesting surface characteristics of SmB6. Both surface
and bulk characteristics will likely continue to be stud-
ied heavily in the context of the relationship between the
strong electronic correlations and topological effects in
this unique material.
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